The actin filament-severing protein actin depolymerizing factor (ADF)/cofilin is ubiquitously distributed among eukaryotes and modulates actin dynamics. The cooperative binding of cofilin to actin filaments is crucial for the concentration-dependent unconventional modulation of actin dynamics by cofilin. In this study, the kinetic parameters associated with the cooperative binding of cofilin to actin filaments were directly evaluated using a singlemolecule imaging technique. The on-rate of cofilin binding to the actin filament was estimated to be 0.06 μM −1 ·s −1 when the cofilin concentration was in the range of 30 nM to 1 μM. A dwell time histogram of cofilin bindings decays exponentially to give an offrate of 0.6 s −1 . During long-term cofilin binding events (>0.4 s), additional cofilin bindings were observed in the vicinity of the initial binding site. The on-rate for these events was 2.3-fold higher than that for noncontiguous bindings. Super-high-resolution image analysis of the cofilin binding location showed that the on-rate enhancement occurred within 65 nm of the original binding event. By contrast, the cofilin off-rate was not affected by the presence of prebound cofilin. Neither decreasing the temperature nor increasing the viscosity of the test solution altered the onrates, off-rates, or the cooperative parameter (ω) of the binding. These results indicate that cofilin binding enhances additional cofilin binding in the vicinity of the initial binding site (ca. 24 subunits), but it does not affect the off-rate, which could be the molecular mechanism of the cooperative binding of cofilin to actin filaments.
The actin filament-severing protein actin depolymerizing factor (ADF)/cofilin is ubiquitously distributed among eukaryotes and modulates actin dynamics. The cooperative binding of cofilin to actin filaments is crucial for the concentration-dependent unconventional modulation of actin dynamics by cofilin. In this study, the kinetic parameters associated with the cooperative binding of cofilin to actin filaments were directly evaluated using a singlemolecule imaging technique. The on-rate of cofilin binding to the actin filament was estimated to be 0.06 μM −1 ·s −1 when the cofilin concentration was in the range of 30 nM to 1 μM. A dwell time histogram of cofilin bindings decays exponentially to give an offrate of 0.6 s −1 . During long-term cofilin binding events (>0.4 s), additional cofilin bindings were observed in the vicinity of the initial binding site. The on-rate for these events was 2.3-fold higher than that for noncontiguous bindings. Super-high-resolution image analysis of the cofilin binding location showed that the on-rate enhancement occurred within 65 nm of the original binding event. By contrast, the cofilin off-rate was not affected by the presence of prebound cofilin. Neither decreasing the temperature nor increasing the viscosity of the test solution altered the onrates, off-rates, or the cooperative parameter (ω) of the binding. These results indicate that cofilin binding enhances additional cofilin binding in the vicinity of the initial binding site (ca. 24 subunits), but it does not affect the off-rate, which could be the molecular mechanism of the cooperative binding of cofilin to actin filaments.
cooperativity | fluctuations | non-nearest-neighbor | non-Arrhenius | superresolution C ofilin (1, 2) induces actin disassembly by severing actin filaments at concentrations below the equilibrium dissociation constant, whereas it facilitates actin nucleation at higher concentrations (3) . This concentration-dependent modulation of cofilin activity is presumably due to its cooperative binding to actin filaments (4) . In the wider sense, understanding the cooperative interactions between proteins is essential for understanding the regulation of enzymes (5, 6) . However, the dynamic protein interactions that endow proteins with cooperativity in solution have not been directly imaged and analyzed. In this study, we focused on the molecular mechanism underlying the cooperative binding of cofilin to actin filaments using high-resolution optical microscopy.
There is a general agreement that the binding of cofilin to actin filaments changes the conformation of the actin filaments. Electron microscopic observations reveal that the binding of cofilin to actin filaments increases their twist (4, 7) . Biochemical analyses of the kinetics of cofilin binding to actin filaments suggest that the conformational changes induced by cofilin binding affect further binding of cofilin to the actin filament (8) . Differential scanning calorimetric study of cofilin-actin complexes indicates that the allosteric destabilization of the actin filament by cofilin binding is propagated over a long distance (128 subunits) along the actin filament (9, 10) . Electron microscopic studies show that the actin filaments are either fully decorated with cofilin or bare in the same micrograph (4, 7) , suggesting that the binding of cofilin to the actin filament is highly cooperative. Related to these studies, bound cofilin allosterically accelerates Pi release from unoccupied subunits, and the acceleration of Pi release is propagated allosterically from cofilin-occupied sites to more than 10 vacant subunits along the filaments (11) . The effect of bound cofilin on the conformation and dynamics of actin filaments was also examined with timeresolved phosphorescence anisotropy, which suggests that a cofilinmediated effect (i.e., lowering the torsional rigidity) can be propagated to ca. 90 vacant subunits in the filament (12) .
In contrast, biochemical analyses of the cofilin-actin filament binding, assuming the nearest neighbor cooperativity model, indicate that the binding cooperativity is not so strong, and the predicted cofilin cluster size for filament severing is small (a few subunits) (3, 8, 13, 14) . As noted previously (8, 13, 14) , the low cooperativity precludes distinguishing between nearest neighbor and nonnearest neighbor cooperative binding models from existing data acquired by ensemble methods. The nearest neighbor cooperativity model (13) can, in theory, be directly tested by observing individual cofilin molecules binding to actin filaments in solution. This has not been conducted because the spatial resolution of the conventional optical microscope is limited (ca. 300 nm), and the precise measurement of the time course of a single cofilin binding to an actin filament in solution requires a great deal of skill.
In this study, we have developed a very low background fluorescence imaging technique and addressed the fundamental, unresolved issue regarding cofilin binding and cooperative interaction with actin filaments by performing real-time single-molecule imaging of cofilin-actin filament interactions. The binding and dissociation of single cofilin molecules to and from the actin filaments were directly observed, and the spatial properties of the cooperative binding were examined for the first time to our knowledge using super-high-resolution imaging techniques (15, 16) ; the position of the fluorophore at the center of the image can be estimated
Significance
Cooperative protein-protein interactions are essential for understanding the regulation of enzymes. However, the dynamic interactions that endow proteins with cooperativity in solution have not been directly imaged and analyzed. In this study, we performed super-high-resolution real-time single-molecule imaging of the binding of cofilin to single actin filaments and its subsequent detachment. Results show that long-term binding (>0.4 s) of a single cofilin molecule enhances the binding of additional cofilin within 65 nm (across 24 actin subunits) of the initial binding site. This cooperative binding is presumed to be crucial for the peculiar actin filament-severing action of cofilin. by calculating the centroid of the fluorescence image, which allows localization to a precision about an order of magnitude greater than the microscope resolution, and is named superhigh-resolution imaging (16) . Quantitative analyses of the results showed that a single cofilin binding event enhanced additional binding events within ∼65 nm of the initial binding site, but the offrate was not apparently affected. Thus, cofilin cooperativity propagated across 24 actin subunits. The molecular mechanism behind this cooperative binding is discussed on the basis of the kinetics data.
Results
Single-Molecule Imaging of Binding of Cofilin to Actin Filaments. The fluorescence of a single Alexa-488-conjugated cofilin (Alexa-488-cofilin) molecule was detected along the tethered actin filaments in F-buffer solution (pH 6.7) in this study (unless otherwise mentioned in the text), as shown in Fig. 1 , Movie S1, and Fig. S1 . The intensity profile of cofilin fluorescence (Fig. 1) could be fitted with two Gaussian distributions (basal noise and single cofilin bindings, respectively), indicating that the binding of single cofilin molecules conjugated with fluorophore was detected.
The number and duration of these transients were measured to estimate the on-and off-rates of cofilin binding to actin filaments. A dwell time histogram of individual cofilin bindings was well fitted by a single exponential function. The time constant corresponding to the off-rate (k−) of cofilin binding was estimated to be 0.6 ± 0.1 s −1 (n = 16) and the on-rate (k+) 0.07 ± 0.01 μM
·s −1 (n = 16) at 100 nM cofilin (Fig. 2) . These values match those estimated using the biochemical method (8) . The dissociation constant (K d ) of cofilin binding to an isolated site on an actin filament, determined from the ratio of the rate constants
, which is within a factor of 2 of the value estimated biochemically (8) . The cofilin binding density derived from the K d under these conditions (30 nM-300 nM) is quite low (<1%), suggesting the binding of cofilin to actin filaments was mostly nonconjunctive (13) .
Binding of cofilin to actin filaments is inhibited by phalloidin in vitro (17) (18) (19) . The on-rate of cofilin binding in the presence of 5 μM phalloidin was decreased to 37% (n = 12) of control (without phalloidin), but the off-rate was not changed (Table 1) .
A similar on-rate (0.07 ± 0.01 μM −1 ·s −1 ; n = 11) was estimated using 5-iodoacetamidofluorescein (IAF)-cofilin (IAF-cofilin) (10 nM), where the degree of IAF labeling was 80%. These suggest that neither the degree of labeling rate nor the type of fluorophore affected the kinetics of cofilin bindings and that the binding of cofilin to actin filaments is actually detected, and the level of nonspecific bindings of fluorophore is nearly negligible in our condition.
The rate of severing was decreased in pH 6.7 solution (20) (21) (22) . This condition was chosen for the analysis of cofilin binding. However, a few severing events following the single cofilin binding in pH 6.7 solution were detected during the entire analyses of several hours, which is consistent with the value of the severing activity of cofilin, 5 × 10 −5 severing events per actin subunit per second estimated in the preceding study (3) .
Cooperative Binding of Cofilin to Actin Filaments. Long-lasting (>0.4 s) bindings of Alexa-488-cofilin to actin filaments were seen in two-thirds of the binding events observed with 100 nM cofilin (Fig. 2 ). During these long-lasting binding events, the binding of an additional cofilin molecule in the vicinity (<300-nm radius) of the initial cofilin binding site was sometimes observed ( Fig. 2A) . The on-rate of the additional binding was 0.16 ± 0.03 μM , n = 26 events) was almost the same as that of a noncontiguous binding, when relatively long-lasting initial binding events (>3 s) were chosen to estimate the off-rate. These results indicate that a long-lasting noncontiguous binding of cofilin to an actin filament enhances additional binding in the vicinity of the initial cofilin binding site, but it does not affect the off-rate. The cooperative parameter ω (2.3) was estimated assuming the off-rate was nearly constant, as previously reported (8) .
The on-rate of the additional cofilin binding (100 nM cofilin) at 5 μM phalloidin was 0.032 ± 0.01 μM −1 ·s −1 (n = 12), which was almost the same as the on-rate of the noncontiguous binding. This indicates that the cooperative binding was inhibited by phalloidin, whereas the off-rate of the additional binding (1.3 ± 0.5 s −1 , n = 3) was not significantly altered by the drug. Fig. 3C , n = 92) from the preceding binding site, implying that a single long-lasting binding of cofilin enhances an additional cofilin binding in its vicinity (ca. 65 nm, equivalent to 24 actin subunits). We also examined the distribution of cofilin bindings in 8% of labeling cases (100 nM cofilin in total), which showed that the distribution was almost the same (the spatial constant was 52 ± 8 nm, n = 50), suggesting that the unlabeled cofilin molecules in the sample do not contribute to the distribution in our experimental condition.
Kinetic Analyses of the Binding of Cofilin at High Concentrations. The on-rate of the Alexa-488-cofilin binding was ∼0.06 μM
·s −1 in the cofilin concentration range from 30 nM to 1 μM, but it increased to 0.14 ± 0.02 μM −1 ·s −1 (n = 7) when increasing the concentration up to 10 μM (Fig. 2C) , whereas the off-rate did not change significantly (Fig. 2D) . Most of the binding sites along the actin filament were occupied by cofilin at the K d (8.3 μM, K d of the single binding site) (4, 14) , and most of the newly bound cofilin molecules bind at a site adjacent to preoccupied sites at 10 μM cofilin, where the on-rate was increased 2.1-fold. This suggests that preoccupation of a cofilin binding site enhances an additional binding to the neighboring binding sites. In contrast, the off-rate was not affected by either the concentration of cofilin (Table 1) or the binding of cofilin at the neighboring site.
The on-rate of additional bindings in the vicinity of the site occupied by a long-binding (>0.4 s) cofilin molecule was 0.15 ± 0.04 μM −1 ·s −1 (n = 7) at 10 μM cofilin. This shows that the effect of the long-lasting binding on additional cofilin bindings was almost negligible under this condition, most likely due to the high on-rate of binding (0.14 μM
Effects of Temperature and Viscosity on the Binding of Cofilin. In general, viscosity and temperature of test solutions affect the kinetics of protein dynamics (23, 24) . However, in the case of cofilin binding to actin filaments, a biochemical study has revealed that the solution viscosity did not affect its on-rate, offrate, or cooperative parameter (ω) (8) . We examined the effect of viscosity on the on-or off-rates of Alexa-488-cofilin binding to actin filaments at a single-molecule level. Although the viscosity of the solution was increased ∼10-fold (25) by the addition of sucrose (50%), none of the on-rate, the off-rate, or ω was altered significantly from those of the control solutions, as shown in Table 1 . The effect of cooling the experimental solution was also examined; none of the on-rates, the off-rates, or ω was significantly changed by the decrease in the temperature from 25 to ∼0°C (Table 1) . That is to say, on-and off-processes and processgenerating cooperativity may occur with little enthalpy change (ΔH ∼ 0) and are instead entropically driven (ΔS > 0), as pointed out in a biochemical study (8) .
Cofilin Binding to ATP-Actin Filaments. Bound cofilin allosterically accelerates Pi release from unoccupied subunits (11), which may On-rate, additional, s The on-rate, the off-rate, the on-rate of additional binding, the off-rate of additional binding, the K d , and the cooperative parameter ω are shown. They were determined under the conditions in the left column. N, number of filaments.
a Number of image fields. * P < 0.05; ** P < 0.01; *** P < 0.001, versus 100 nM cofilin, Student t test. MCE, methylcellulose. , n = 11 image fields) than that of ADP-actin filaments, mainly used in this study. The off-rate (1.09 ± 0.08 s −1 , n = 120 events) was slightly higher than that of ADP-actin filaments. These observations agree with the preceding biochemical studies (11, 18) .
The on-rate of cofilin binding in the vicinity of prebound cofilin (>0.4 s) is elevated to 0.039 ± 0.014 μM −1 ·s −1 (n = 11 image fields), and the cooperativity (ω) is estimated at 6.6. The reason for this high on-rate could be that the rate of Pi release from ATP-actin is elevated by the bound cofilin (11); ATP-actin is converted to ADP-actin locally, and the on-rate of cofilin binding is elevated in the ADP-actin region of the filament. The effect of Pi release in concert with the cooperative effect of prebound cofilin in the vicinity will further elevate the on-rate and may yield high cooperativity (ω = 6.6).
Positive Correlation Between Cofilin Binding and Fluctuations of Actin
Filaments. One of the remarkable and unusual properties of actin filaments is that cofilin bindings alter the helical structure of the filaments (26-28); they are more compliant in bending (29) (30) (31) and twisting (12, 32) . Because our recent study suggested that cofilin prefers to bind actin filaments with less tension and that actin filaments with less tension showed larger torsional fluctuations (33), we expected that the on-rate of cofilin bindings would be larger at more fluctuating regions of the actin filament. To test this hypothesis, we measured the frequency of Alexa-488-cofilin binding along the entire actin filament at each pixel (85 nm). We found that the frequency of cofilin binding was not uniformly distributed; the mean on-rate varied from 0 to 0.61 μM −1 ·s −1 (Fig. 4C) . The magnitude of the fluctuations at each pixel (evaluated as "index of fluctuation"; SI Materials and Methods) also varied along the filament (Fig. 4B) . A positive correlation between the index of fluctuation and the on-rate of cofilin binding was found (Fig. 4D) , whereas the off-rate was almost the same regardless of the fluctuation index (Fig. 4E) .
The fluctuations in the fluorescence signal from actin filaments were affected by the chemical properties of the glass surface. Actin filaments containing 20% biotin-labeled actin tethered tightly to the avidin-conjugated glass surface did not show detectable fluctuations. The on-rate of cofilin binding to these filaments was as low as the background level, showing that the tightly tethered filaments were unsuitable for cofilin binding.
More detailed analyses of the single-molecule imaging data were performed to obtain direct evidence of a relationship between cofilin binding and conformational fluctuations in actin filaments. The intensity of fluorescence of the actin filament increased locally (a few pixels, 170-250 nm) during cofilin binding to the filament imaged in the same pixel in 21% of cases (32/152), and in the remaining cases, no apparent change was detected (Fig. S2) . This again suggests there is occasionally a strong relationship between cofilin binding and fluorescence changes of actin filaments.
Imaging nonattached (i.e., nontethered) actin filaments using high spatial resolution is not easy, in general, due to drifts and fluctuations of the filaments. However, fluctuations declined considerably in methylcellulose (1%) solution (34) . The examination of the kinetics of cofilin binding using nonattached filaments (Movie S2) revealed a mean on-rate of 0.07 ± 0.01 μM (n = 4), which agrees well with that of tethered actin filaments. The binding sites were distributed along nearly all of the nonattached actin filaments, suggesting that tethering affects the binding of cofilin to the actin filament. The off-rate could not be estimated because the time range of the fluctuations of the nonattached filaments (∼1 s) was comparable to that of the off-rate.
Discussion
The on-and off-rates of cofilin binding to tethered actin filaments, estimated using a newly developed single-molecule imaging technique, match the values previously estimated using pyrene quenching methods (13) , single-molecule imaging of cofilin binding to a bundle of actin filaments (33) , and nonattached actin filaments in methylcellulose solution (this study). In addition, the on-rate is profoundly decreased by phalloidin. These results confirm our assertion that the kinetics we measured at the single-molecule level describes the binding of cofilin to actin filaments.
Cooperative binding of cofilin to actin filaments (e.g., increases in the on-rate of additional bindings) was detected at 10 μM, which was near the K d , implying that the presence of cofilin at the (ith) site would enhance new binding at the i+1-th (or i−1-th) site, according to the notation in the nearest neighbor model (13) , because most of the binding sites were preoccupied, and cofilin would bind to the nearest neighbor of the preoccupied cofilin binding site in the majority of cofilin bindings.
Cooperative binding presumably generates clusters of cofilin bound along the actin filament (13) . Different sizes of clusters have been suggested, depending on the methods used to generate the data (9, 14) . The direct observation of cooperative binding in this study showed that the on-rate of cofilin binding is elevated in the vicinity (65 nm) of long (>0.4 s), nonconjunctive binding at 10 nM cofilin, which corresponds to ca. 24 subunits. By extrapolating the data (Fig. 3C) to the y axis, the on-rate of cooperative binding at a site neighboring the site with "longlasting" binding is estimated to be 14.8 times larger than the basal level. The on-rate quickly declined as the distance from the initial binding site increased, and it would reach the basal level. This denotes that the cooperative effect of cofilin binding is highest at the nearest neighbor site, and the effect declines gradually with distance from the binding site. The probability to find cooperatively bound cofilin at the nonnearest neighboring (2nd to 24th) sites in total is 14.5 times higher than that of the nearest neighboring (1st) site, assuming the effect is spatially exponentially decaying (8, 13) . This suggests that the nonnearest neighbor cooperative binding substantially contributes to the overall cooperative cofilin binding to actin filaments in our experimental conditions. It should be noted that the cooperative parameter estimated with a 600-nm-diameter area using the same data used for analyses in Fig. 3C was 2 .0, which suggests the cooperativity is high (>10) in the vicinity of the prebinding site (assuming the off-rate is not affected by the long binding as mentioned above), but the estimated value of cooperativity apparently declines when averaged within a 600-nm-diameter area.
At 10 nM cofilin, the majority of bindings would be noncontiguous, and therefore, the cooperative effect on the on-rate was not apparently detected (Table 1) . At the higher concentration of cofilin (e.g., 10 μM), the regions of the cooperative effect overlapped, and the on-rate, estimated over the entire filament, was elevated twofold.
The long-lasting binding-induced cooperative cofilin binding will be potentially important for the severing action of cofilin because it enhances the binding of additional cofilin molecules and the formation of small clusters of cofilin on actin filaments. A previous biochemical study implied that a small cluster of cofilin formed at low concentrations of cofilin (10-100 nM) and effectively severed actin filaments (8) . This idea is supported by our observation of changes in actin filament fluorescence intensity caused by long-lasting cofilin binding, which presumably reflects conformational changes in actin filaments (35) that may lead to severing with additional cofilin binding.
Biophysical Mechanism of Cooperative Cofilin Binding to Actin Filaments.
Cofilin binding increases the twist of actin filaments (4, 7), and twisting is postulated to induce the cooperative binding of cofilin to the filament (4, 36) . The analysis of torsional fluctuations in actin filaments (12, 32, 37) showed that the amplitude of spontaneous fluctuations would twist actin filaments to a degree comparable with the twist when filaments are decorated with cofilin (4). These results suggest that spontaneous structural fluctuations of actin filaments enable cofilin binding to the filaments. It has been postulated that cofilin prefers to associate with the "twisted" actin filament, which would induce twisting of the neighboring region of the filament and result in cooperative cofilin binding. However, this idea has not been directly tested.
In this study, single cofilin molecule binding events were detected, but no simultaneous binding of more than two cofilin molecules to an actin filament was detected, suggesting that a cofilin-cofilin interaction in solution is unlikely. Direct cofilincofilin interactions on the actin filament are also unlikely because the size and orientation of cofilin molecules bound to actin filaments do not allow direct cofilin-cofilin interactions (4, 7, 38) . These are all consistent with the idea that cooperative interactions must arise from conformational changes in the actin filament by cofilin binding (14) , which may include the lowering of the torsional rigidity (12) and Pi release from cofilin unoccupied subunits (11) . These effects may propagate from a cofilin occupied site to more than 10 vacant actin subunits and may affect the cofilin binding.
The on-rate of cofilin binding to an actin filament is slow and far below the association rate constants of other actin filamentbinding proteins (8) , agreeing with the idea that the binding is limited by the cofilin accessibility to the binding sites. The site becomes accessible as the filament experiences thermal fluctuations in shape or "breathes" (8) . The cooperative on-rate (i.e., k+ × ω) is also far below the diffusion limit (24, 39) , suggesting that cooperative binding is also limited by the binding site accessibility. If cofilin binding favors a fully "open," accessible conformation at a neighboring site, the on-rate may be in the same range as other actin-binding proteins. As previously suggested (8, 13) , the slow cooperative on-rate is consistent with a mechanism in which cofilin binding cooperativity arises from modulation of the amplitudes and frequency of filament subunit motions, rather than trapping an "open-site" conformation. Actually, the onrate for cooperative binding in the vicinity of a long-lasting binding was ∼14.8 times higher, but was still far below the diffusion limit (8, 24) . This idea is further supported by the observation that none of the on-rates, off-rates, or ω was affected by high viscosity, which generally decreases the diffusion constant of the substrate (e.g., cofilin) (24) .
Phalloidin stabilizes actin filaments, inhibits the cooperative binding of cofilin to actin filaments (40) , and prevents the severing by cofilin (41) when the initial cofilin occupancy is <0.5 (42) . Phalloidin also stabilizes the torsional fluctuations induced by cofilin binding and abrogates the cooperativity (12) . In this study, phalloidin decreased the on-rate but did not affect the offrate of cofilin binding. Phalloidin also suppressed cooperative cofilin binding, confirming the inhibitory action of phalloidin at the single-molecule level.
The amplitude of the torsional fluctuations (presumably bending fluctuations also) of filaments tethered to the glass surface will be smaller than that of nonattached filaments because tethering would restrict the twisting of the actin filament. This idea is supported by the observation that the on-rate of cofilin binding was higher in the region of filaments with larger fluorescence fluctuations of the filament and is smaller in the region with smaller fluctuations. This could be a reason why the cooperative factors (ω = 2.3) in this study were smaller than those previously reported (ω = ∼10) (3, 8, 14) .
Single-molecule imaging showed that the intrinsic equilibrium binding constant for noncontiguous cofilin binding (K a ) and the cooperativity parameter (ω) are independent of temperature (non-Arrhenius temperature dependency), indicating that the enthalpy changes associated with both of these processes are negligible. This suggests that the binding and free energies of cooperativity are driven by large entropy changes (ΔG bind = −TΔS bind = −29.0 kJ/mol and ΔG coop = −TΔS coop = −2.1 kJ/mol) according to the equations of Cao et al. (8) . The ΔG coop estimated in this study was 70% less negative than that estimated in the study by Cao et al. The off-rate was not affected by temperature, suggesting that the dissociating process is also driven by entropy changes. However, the biophysical process of dissociation will be different from that of the binding because the off-rate was not affected either by preoccupation of the cofilin-binding site or by phalloidin.
These observations, together with the present results, support the idea that cofilin binds to an actin subunit in a twisted region of the actin filament and that binding induces further twisting of the neighboring region (ca. 65 nm). These events enhance additional cofilin binding depending on the distance from the initial binding site, whereas it does not affect the off-rate. These processes are driven by entropy changes and could be involved in the biophysical mechanism of cofilin binding cooperativity.
The amplitude of the torsional fluctuations is reduced by tension in the filament and affects the binding of cofilin to actin filaments (33) . According to this model, the non-Arrhenius temperature dependence of cofilin binding implies that the torsional fluctuations of actin filaments may not be significantly affected by a decrease in temperature. The amplitude of the diffusion coefficient of the torsional fluctuations, measured as previously described (33), was not apparently altered by lowering the temperature from 27°C to ∼0°C (Fig. S3 ). This could be the potential mechanism for the non-Arrhenius-type temperature dependency of the cofilin binding.
The important tasks for future studies are to determine if the superresolution live imaging described here or the concept of molecular machinery are applicable to other cooperative interactions between filamentous biomolecules and their regulator/ modulator proteins-for example, the cooperative interactions between actin filaments and myosin (43) , microtubules and kinesin (44) , and DNA and homeodomain proteins (45) .
Materials and Methods
Preparation of Proteins. The details are in SI Materials and Methods.
Imaging of Fluorophore-Labeled Cofilin Bound to Rhodamine-Labeled Actin Filaments. G-actin (10 μM, in the ratio 89% nonlabeled:10% rhodamine labeled actin:1% biotin labeled actin) was polymerized in F buffer (100 mM KCl, 2 mM MgCl 2 , 0.2 mM ATP, 0.1 mM DTT, 10 mM Hepes, pH 7.5) overnight at 4°C. ADP-actin was used mainly in this study unless otherwise mentioned in the text. F buffer (pH 6.7, which prevents the severing activity of cofilin) contained 100 nM F-actin, 2 mM ascorbic acid, different concentrations of nonlabeled human cofilin (10, 30, 100, 300, 1,000, 3 ,000, or 10,000 nM), and Alexa-488-labeled mouse nonmuscle cofilin (0.8, 2.4, 8, 8, 8, 8, or 8 nM) , respectively. In some experiments, F-buffer solution (pH 6.7) contained 8 nM IAF-conjugated chicken-cys-cofilin (46) and 2 nM nonlabeled chicken-cyscofilin, the same F-actin, and ascorbic acid. One of these solutions was dropped on the avidin conjugated coverslip (24 × 60 mm) and covered with another coverslip (22 × 22 mm), which served to flatten the solution and reduce the background fluorescence noise. Approximately 8% of the cofilin molecules were labeled with Alexa-488, and 80% were labeled with IAF (SI Materials and Methods). Single actin filaments and cofilin were imaged using total internal reflection fluorescence microscopy (TIRFM) (47, 48) . The average distance between tethering points was in the 1-μm range (Fig. 1A) . The binding efficiency of Alexa-or IAF-cofilin to actin filaments was almost the same as that of nonlabeled cofilin, as described in a previous study (33) .
Analyses of the Location of Cofilin Bound to Actin Filaments. The cofilin binding number and the on-rate of cofilin binding to actin filaments was evaluated in every pixel (85 nm) of our CMOS image sensor along the actin filament. Fluctuations in the fluorescence intensity of actin filaments were also examined along the same filament (SI Materials and Methods).
